We report a parton distribution function (PDF) analysis of a complete set of hadron scattering data, in which a color-octet fermion (such as a gluino of supersymmetry) is incorporated as an extra parton constituent along with the usual standard model constituents. The data set includes the most up-to-date results from deep-inelastic scattering and from jet production in hadron collisions.
I. INTRODUCTION
Heavy color-octet particles are postulated in theories of beyond-the-standard-model (BSM) phenomena, including supersymmetry (SUSY) [1] , universal extra dimensions [2] , Randall-Sundrum [3] , and Little Higgs models [4] . Direct searches for such states are usually guided by aspects of the production and decay dynamics in the particular BSM approach.
Analyses of search data have so far produced various bounds on the masses of the states, often conditioned by model-dependent assumptions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Different constraints, such as the SUSY gluino mass bounds mg > 26.9 GeV [16] and 51 GeV [17] at 95% confidence level (C.L.), are based on the analysis of LEP event shapes in soft-collinear effective theory and other quantum chromodynamics (QCD) resummation formalisms. Constraints such as these may depend on theoretical modeling of nonperturbative hadronization and the matching of hard-scattering and resummed contributions, similar to the determination of α s (M Z ) from LEP data in QCD [18] [19] [20] [21] [22] . In a previous publication [23] , we examine the possibility that a global analysis of hadron data, within the framework of parton distribution function (PDF) determinations, can be used to derive constraints on the existence and masses of color-octet fermions, independently of other information on such states. Global analysis has discriminating power for several reasons: one is that new colored states modify the evolution with hard scale Q of the strong coupling strength α s (Q). Second, in perturbative QCD, the coupling of a color-octet fermion to quarks and gluons alters the set of evolution equations that governs the behavior of all parton distribution functions, thus affecting many hadron scattering cross sections. Moreover, production of the color-octet states will affect relevant observables, such as jet rates, whose cross sections are included in the global fits.
The specific case of a gluino from supersymmetry is included as an extra degree of freedom in our earlier work [23] . We refer to the PDFs obtained in that publication as "SUSY PDFs", although our analysis is applicable to a broader class of standard model (SM) extensions.
In Ref. [23] , a lower bound on the gluino mass mg is obtained in terms of an assumed value of α s (M Z ) at Z boson mass M Z . For the then standard model world-average value of α s (M Z ) = 0.118, gluinos lighter than 12 GeV were shown to be disfavored, whereas the lower bound was relaxed to less than 10 GeV (less than 2 GeV) when α s (M Z ) was increased above 0.120 (0.127).
In this paper, we use new hadron scattering data incorporated in the next-to-leading order (NLO) CT10 general-purpose PDF analysis [24] , along with a new approach for incorporating the variation of α s (Q) into PDF determinations [25] , to obtain improved bounds on the mass of a relatively light gluino. The essential new elements are these:
• New Tevatron jet data [26] [27] [28] and combined DIS data [29] from HERA. In a global QCD analysis, the presence of light gluinos is revealed primarily by modifications of α s (M Z ), the gluon PDFs, and the charm and bottom quark PDFs, generated radiatively above the respective heavy-quark thresholds. We include the latest hadronic scattering data sensitive to such modifications. The most stringent constraints on the gluon PDF are imposed by electron-proton deep inelastic scattering (DIS) data at x < 0.1 and single-inclusive jet production data from the Tevatron pp collider at x 0.1. The study reported here incorporates up-to-date information from the combined H1 Collaboration and ZEUS Collaboration data on deep inelastic scattering at HERA-1 [29] , as well as single-inclusive jet data from the Tevatron Run-II analyses [26] [27] [28] . Hard scattering contributions of massive gluinos, with full dependence on the gluino's mass, are included in the jet production cross sections we use, the only process we examine where these contributions are large enough to be relevant at NLO accuracy.
• Floating α s (M Z ). Our fits are performed by treating α s (M Z ) at the mass M Z of the Z boson as a variable parameter of the standard model. We constrain α s (M Z ) by requiring that the fitted α s (Q) agree with its direct determinations at low energy scales (Q < 10 GeV) and at Q = M Z , within the quoted uncertainties of these measurements.
Virtual gluino contributions result in a slower evolution of the QCD coupling strength α s (Q) at scales Q above the gluino mass threshold. By including data that constrain α s at low and high Q scales, we effectively probe for deviations from pure QCD. We find, in particular, that the value of α s (M Z ) = 0.123 ± 0.004 derived in some analyses of LEP event shapes [20] can be accommodated if gluinos have mass of about 50 GeV.
The remainder of this paper is organized as follows. In Sec. II, we describe the role of new color-octet fermions in a global QCD analysis. The incorporation of data on α s (Q) within the global fits is discussed in Sec. III, where we also present the values of α s (Q) at high and low Q used in our fits. Our simultaneous global fit to hadronic scattering data and α s (Q) is described in Sec. IV, where we also examine the effects of an additional gluino degree of freedom on the PDFs. We present figures that show the relative magnitudes of the PDFs and the variation of their momentum fractions with gluino mass and hard scale.
Section V contains the results of our detailed comparison with data. We present figures that show the variation of the values of χ 2 in the global analyses, as a function of gluino mass, for both floating and fixed α s (M Z ). Section V also includes the comparison of our calculated cross sections with jet data from the Tevatron collider and a discussion of the systematic uncertainties that limit the constraining power of these data. The sensitivity of jet cross sections at the LHC to the presence of gluinos is examined in Sec. VI. Our conclusions are presented in Sec. VII. The appendices contain an analytic expression for the evolution of the strong coupling α s (Q) in terms of the SM and SUSY degrees of freedom; expressions for the contributions of massive gluinos to the jet production cross sections; and parton-parton luminosity functions for various combinations of SM partons and gluinos.
Based on our analysis, we conclude that gluino masses as low as 30 to 50 GeV may be compatible with the current hadronic data, depending on the value of α s (M Z ). For a floating α s (M Z ), gluinos lighter than 15 GeV are excluded. For an assumed fixed value α s (M Z ) = 0.118, the world average value used in many phenomenological analyses, gluinos lighter than 25 GeV are disfavored.
We acknowledge that a gluino as light as ∼ 50 GeV is not typical in phenomenological models of SUSY breaking, nor of the results of experimental direct search analyses based on specific models of SUSY breaking and assumptions about mass relationships among SUSY states [15] . As long as the SUSY neutralino χ 0 is lighter than the gluino, the typical decay process for a light gluino is g →χ 0 , where q stands for a SM quark. Missing energy would signal the presence of a neutralino. However, for a small mass splitting m g − m χ 0 , the gluino's decay into missing energy and soft quark jets would be undetected. The analysis reported here is complementary to other approaches for bounding the gluino mass, and it is in some respects more general in that we make no assumptions about the gluino decay. 
II. COLOR-OCTET FERMIONS IN A GLOBAL QCD ANALYSIS
Under well-defined conditions, a relatively light strongly-interacting fundamental particle may be treated as a constituent of the colliding hadrons. It will share the momentum of the parent hadron with the standard model quark, antiquark, and gluon partners. The experimental consequences of this picture become evident when the parent hadron is probed at a sufficiently large hard scale. For example, the charm quark c and bottom quark b are treated appropriately as partonic constituents of hadrons when the characteristic energy scale Q exceeds the mass of the heavy quark m q . Likewise, when Q greatly exceeds the mass of a new strongly-interacting particle, this object must also be incorporated as a hadronic constituent. We refer to Ref. [23] for an exposition of the PDF analysis in which a gluino is included as an additional partonic degree of freedom.
As in Ref. [23] , we take the gluino as the only colored non-SM degree of freedom that needs to be considered. In some models of SUSY breaking, such as split supersymmetry [31, 32] , the squarks are much heavier than the gluinos, and therefore could be omitted from our PDF analysis. Moreover, as illustrated in Eq. (A3) of Appendix A, color-octet spin-1/2 fermions have a greater impact on the evolution of the strong coupling α s than color triplet scalars, such as squarks.
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The presence of a light gluinog modifies the PDF global analysis in three ways.
1. The gluino changes the evolution of the strong coupling strength α s (Q), as the scale Q is varied. This influence is implemented in our results, and we provide details on the running of α s (Q) in Appendix A. The constraints on the gluino mass from our global analysis depend significantly on the value of the strong coupling strength α s (M Z ).
2. The gluino provides an additional partonic degree of freedom that shares in the nucleon's momentum. It alters the coupled set of Dokshitzer-Gribov-Lipatov-AltarelliParisi equations that govern the evolution of the parton distributions,
Here Σ(x, Q), g(x, Q), andg(x, Q) are the singlet quark, gluon, and gluino distributions, respectively; q i (x, Q) andq i (x, Q) are the quark and antiquark distributions for a flavor i. The previous analysis [23] shows that the gluino's contribution is small in the momentum fraction range x > 10
NLO variations in the relevant SUSY cross sections are small and comparable in size to variations associated with next-to-next-to-leading order (NNLO) SM contributions.
Therefore, the leading-order (LO) approximation for the splitting functions and hard scattering amplitudes of SUSY terms is numerically adequate, when combined with NLO expressions for SM contributions.
3. At energies above its mass threshold, a color-octet fermion contributes to hard scattering processes as an incident parton and/or as a produced particle. However, as argued in Ref. [23] , in the absence of light squarks, gluino hard-scattering contributions to DIS and Drell-Yan process are of next-to-next-to-leading order and negligible in the current study. At the same time, the hard-scattering gluino terms contribute at the LO in single-inclusive jet production, so that it is essential that we include the gluino in the corresponding hard scattering matrix elements of jet cross sections. for the squark exchange contributions that we neglect in our approximation.
The 2 → 2 hard scattering contributions with two gluinos in the initial or final states are illustrated in Fig. 1 . We assume that the masses of the squarks are large enough that diagrams containing a squark propagator are negligible. The remaining SUSY diagrams can be evaluated in the the S-ACOT factorization scheme [34, 35] , in order to simplify treatment of the gluino mass dependence. In this scheme, gluino mass terms are retained in diagrams with two final-state gluinos in the subprocesses gg →gg and→gg. Explicit scattering amplitudes in these channels are documented in Eqs. (B2) and (B3) of Appendix B. Massless amplitudes are used for the remaining 2 → 2 hard scattering subprocesses, in which one or two gluinos are present in the initial state, and whose contributions are proportional to the gluino PDFg(x, Q). This arrangement captures the full gluino mass dependence, while including the mass terms only in the essential scattering amplitudes.
III. QCD COUPLING STRENGTH AS A FITTING PARAMETER
Since the range of mg values allowed by the global fits depends strongly on the assumed value of α s (M Z ), we do a simultaneous fit to hadronic data and to data on α s (Q) in this work. A judicious choice is required therefore of the set of data on α s (Q).
Our approach is to fit the global set of data using α s (Q) as a floating parameter, constraining it with additional data on α s (Q) measurements at Q < 10 GeV (i.e., in the range where gluino contributions are excluded by the previous analysis), and at Q = M Z (in e + e − hadroproduction at LEP). This approach is similar to the floating α s (M Z ) fit in Ref. [25] .
However, we constrain α s (Q) at two distinct Q values, to probe for deviations of its running from the SM prediction.
A. Low-energy constraints
The QCD coupling constraint at low Q = 5 GeV,
is obtained as a weighted average of three precise determinations of α s at comparable energies:
α s (Q = 5 GeV) = 0.214 ± 0.003 from heavy quarkonia,
α s (Q = 5 GeV) = 0.209 ± 0.004 from lattice QCD.
These values are reconstructed by QCD evolution to the common scale Q = 5 GeV of the published α s values provided at different energy scales,
(α s ) lattice = 0.1170 ± 0.0012 at M Z = 91.18 GeV.
The value of (α s ) τ is determined from measurements of τ decays [36] ; (α s ) QQ comes from heavy quarkonium decays [37] ; and (α s ) lattice is obtained from lattice computations [37] .
The τ decay and heavy-quarkonium determinations of α s can be reasonably assumed to be independent of gluino effects. Even if very light gluinos (≈ 10 GeV) were present, the value of α s in these measurements would not be affected. The lattice QCD value (α s ) lattice is also determined at Q < 10 GeV from the energy levels of heavy quarkonia [37] , and then evolved by the authors to Q = M Z assuming the SM β-function. We reconstruct the "directly measured" lattice QCD value at Q = 5 GeV (independent of the gluino effects) by backward SM evolution. We then combine the lattice QCD value with the other two low-Q measurements, evolved to the same scale using the SM β-function, to obtain a composite data input to the fit. show the low-Q constraint (the left data point), as well as one of available constraints at the Z pole, α s (M Z ) = 0.123 ± 0.004 [20] . As seen in the figure, a light gluino with a mass of mg = 10 GeV cannot simultaneously accommodate the low-Q and high-Q constraints. On the other hand, gluinos with mass about 50 GeV are compatible with both constraints, and are even preferred if the high-Q constraint on α s is larger than 0.118.
To illustrate typical possibilities, we therefore present two kinds of fits in this paper: one in which a fixed value of α s (M Z ) = 0.118 is assumed; and the other in which α s (M Z ) varies and is constrained by an assumed high-Q data point,
compatible with [20] . (2) and (9), respectively.
C. Log-likelihood function for coupling strength constraints
With the additional constraints on the running coupling, the total log-likelihood function
where χ 2 h.s. is the χ 2 contribution of the hadron scattering (h.s.) experiments, i.e., DIS, vector boson production, and jet production; and χ 2 αs is the contribution from the direct constraints on α s :
In this equation, N αs is the number of data points constraining α s ; N αs = 2 in our case. gluino study [23] . To match this convention, the α s contribution χ 2 αs is included with a factor λ = 37.7, so that a deviation of α
IV. GLOBAL FITS
In this section we describe our simultaneous global fit to hadronic scattering data and α s (Q), and we examine the effects of an additional gluino degree of freedom on the PDFs.
Our SUSY fits include the same set of data as the latest CT10 fit of parton distributions [24] . A total of 2753 data points from 35 experiments is included. Besides the data studied in the previous CTEQ6.6 analysis [40] , the new analysis includes the combined DIS data from HERA-1 [29] and single-inclusive jet data from the Tevatron Run-2 analyses [26] [27] [28] . The new data provide important constraints on the gluon PDF, the parton density that is most affected by the gluinos. The charm and bottom PDFs are also affected, since they are generated by DGLAP evolution from the gluon PDF above the initial scale Q 0 = m c = 1.3
GeV.
The ratios of the best-fit gluon and charm PDFs in the SUSY sets to their counterparts in the standard model CT10 set, f SU SY (x, Q)/f CT 10 (x, Q), are shown as dashed curves in GeV. The normalized CT10 uncertainty bands are shown also, defined as
in terms of asymmetric PDF uncertainties δ ± f CT 10 (x, Q) [24, 41] . If α s (M Z ) varies (Fig. 3) , modifications in the gluon distribution are moderate at most.
Some differences with the CT10 predictions are observed at large x, notably in the range
GeV and in c(x, Q) at Q = 2 GeV. The difference is larger for a lighter gluino with mg = 20 GeV. Other PDFs exhibit smaller differences, all contained in the standard model uncertainty band.
For a fixed α s (M Z ) = 0.118 (Fig. 4 ), the differences with CT10 are substantial. At Q =2 GeV, the SUSY PDFs lie outside of CT10 error bands for x as low as 10 Table I where we display the partonic momentum fractions for gluino masses mg = {20, 50, 100} GeV.
Gluinos draw most of their momentum fraction from the gluon, since the primary coupling is via the process g →gg. The influence on the quarks is a second-order effect transmitted through the gluon. At Q = 100 GeV, the momentum fraction of the lighter gluinos (mg ∼ 20 GeV) is comparable to that of the strange quark, even though the gluino mass is an order of magnitude larger. For mg ∼ 50 GeV, the momentum fraction of the gluino is comparable to that of the bottom quark. The magnified impact of the gluino on the QCD evolution, compared to the usual quark flavors, can be understood from a comparison of the g →g splitting kernel,
with the usual gluon-quark splitting function
The effect of the gluino as a hadronic constituent in the QCD evolution is thus equivalent to that of 6 quark flavors, P g→g = 6 P g→q .
As an illustration of the relative magnitude of the gluino PDF, 
V. COMPARISON OF THEORY AND DATA
In this section, we show the results of our global fits, the constraints we obtain on the mass of a gluino, and the impact of a gluino degree of freedom on the analysis of jet data.
The figures in the previous section show that the SM+SUSY PDFs disagree with CT10
PDFs if gluinos are lighter than 20 GeV, indicating that the SM+SUSY PDFs for these gluino masses cannot describe the global hadronic data well. Gluinos with somewhat larger masses can be accommodated, or may be slightly preferred to the pure SM case, depending on the value of α s (M Z ). These points are illustrated in a different way by the summary of values of χ 2 in Table II, with some existing analyses of LEP data in pure QCD [21, 22] . Stronger conclusions on mg await an independent reduction in the uncertainties on α s (M Z ). Table II indicates that the hadronic scattering data, including the combined HERA-1 and
B. Comparison with Tevatron jet cross sections
Tevatron jet cross sections, may still allow contributions from fairly light gluinos. This observation is somewhat counterintuitive with regard to the precise Tevatron jet cross sections, which could be expected to be sensitive to non-SM contributions in the strong interaction data must be taken into account when comparisons are made to theory predictions [44] . In our study, systematic uncertainties in the jet data limit the strength of our conclusions.
These observations are illustrated by plots of the CDF Run-2 and D0 Run-2 data vs.
theory in Figs. 8 and 9 . Our results are computed with a floating α s . As reference values, we use SM cross sections computed with the CT10 PDFs. Differences from the SM cross section are presented as
where σ i are the SM+SUSY cross sections computed for gluino masses of 10, 20, and 50
GeV. The values of the jet transverse momentum p T are displayed along the horizontal axis. Similarly, if mg is equal to 20 or 50 GeV, the effective shifts of the data change to achieve acceptable agreement with the theory curve for this mass. due to "new physics" associated with the gluinos cannot be isolated to a specific p T interval, contrary to the assumptions made in some experimental studies of jet cross sections [30] .
VI. CROSS SECTIONS AT THE LHC
The possible existence of color-octet fermions with masses in the range 30 to 100 GeV, allowed by hadronic data according to our analysis, raises the prospects for their detection in the extended range of transverse momenta at the LHC. As explained in early sections of this paper, these new fermions modify QCD parameters, primarily the QCD coupling α s (M Z ) and the gluon and sea-quark PDFs. Precise studies of cross sections at LHC energies thus have the potential to reveal differences from pure SM QCD, such as the presence of coloroctet fermions, provided the LHC measurements are supplemented by a robust program to reduce uncertainties in α s , PDFs, and other SM parameters, which may otherwise reduce sensitivity of the LHC observables to the gluino contributions.
Compare, for example, single-inclusive jet cross sections at the LHC energies √ s=7 and √ s=14 TeV, computed at NLO with the EKS code [45, 46] For the inclusive jet cross sections to provide a good discrimination between the SM and SM+SUSY scenarios, the uncertainties on both α s and PDFs must be reduced below the current values. NNLO contributions to SM processes and NLO gluino contributions must also be implemented in both the PDFs and jet cross sections.
A different approach to detecting the presence of new colored states could be based on the expectation that QCD radiation off a heavy colored object differs from that from massless partons that dominate the inclusive cross sections. It may be possible to identify jets containing gluinos by studying distributions in the jet mass or other jet shapes. The distribution in the jet mass produced by conventional QCD radiation decreases smoothly as the jet mass increases. Decays of gluinos would result in jets whose mass distributions peak at mg, and gluino jet contributions could be identifiable above the continuous SM background in the distributions in the jet mass or related observables, using methods being developed [47] [48] [49] [50] . study based on the CTEQ6 data set, in which we found a lower limit on the gluino mass of mg > 12 GeV for α s (M Z ) = 0.118, and no limit if α s (M Z ) is arbitrary [23] . These new bounds are comparable to the gluino mass bounds mg > 26.9 and 51 GeV obtained from the analysis of event shapes in e + e − hadroproduction at LEP [16, 17] . Our constraints on mg are obtained from the analysis of inclusive QCD observables and are not affected by theoretical uncertainties of the kind that arise in the determination of α s (M Z ) from the LEP data [18] [19] [20] [21] [22] and LEP event shapes.
The changes in α s (M Z ) and in the PDFs of standard model partons must be taken into consideration when QCD tests are made with LHC data. The high energy of the LHC and the extended range in jet transverse momentum offers hope that BSM deviations from pure QCD will show up in inclusive jet cross sections. As discussed in our comparisons with
Tevatron jet data, it will be critical to control experimental uncertainties on the jet energy scale and jet energy resolution. Gluino contributions and adjustments in the SM parameters tend to offset one another. The power of precise measurements of the LHC single-inclusive jet cross sections will be enhanced provided that α s (M Z ) and the PDFs for gluons and quarks are constrained more tightly than now by measurements in other channels.
For the purpose of studying jet properties in detail, we provide routines to interface with the SM+gluino PDFs. These are linked from the CTEQ webpage at cteq.org. We also note that the MadGraph/MadEvent programs [51] provide a mechanism to incorporate SUSY PDFs in the initial state; information for using this interface is also provided on the webpage.
can be solved perturbatively. It takes the form [54] α s (Q) = 4π β 0 ln 
where n f is the number of quark flavors, ng is the number of gluinos, and nf is the number of squark flavors. As the evolution proceeds across mass thresholds, these numbers and, consequently α s , must be adjusted. The leading-order cross section for inclusive (di)jet production, H 1 H 2 → j(p 3 )j(p 4 )X, expressed in terms of the transverse momentum p T and rapidities y 3 , y 4 of the jets, is dσ dp T dy 3 dy 4 = 2πα
where energy. In our analysis, scattering amplitudes for subprocesses with gluino pair production, gg →gg and→gg, are included with full dependence on gluino mass mg. Scattering amplitudes for the other LO subprocesses (with at least one initial-state gluino) are evaluated in the mg = 0 approximation, in accord with the S-ACOT factorization scheme [34, 35] .
SUSY contributions with full mass dependence can be found in the literature (e.g., in [56] and [37] ), but they are presented here in a consistent notation for completeness. In GeV.
The sum is over the initial-state parton flavors i and j, and σ ij (τ ) is the partonic cross section for the subprocess initiated by partons i, j.
The luminosities for some flavor combinations are shown in Fig. 14 for mg = 50 GeV. At Q = 100 GeV all gluino luminosities are smaller than the SM luminosities, but they grow in magnitude as Q increases. The gluon-gluino luminosity is roughly the same as the gluonbottom quark luminosity, as would be expected from the momentum fractions presented in Table I . At Q = 300 GeV theg ⊗g contribution is comparable to that of the ordinary quarks.
Theg ⊗ g combination is smaller than s ⊗ g throughout the x range for Q = 100 GeV. At Q = 300 GeV, the evolution of the gluino is enhanced, andg ⊗ g exceeds various SM pairings for x > 0.1.
